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with	Moore’s	 law,	 battery	 technology	 has	 lagged	 behind	 largely	 due	 to	 the	 difficulty	 in	 devising	 new	
electric	storage	systems	that	are	simultaneously	high	performing,	inexpensive,	and	safe.	
In	 order	 to	 tackle	 these	 challenges,	 novel	 Li-ion	 battery	 anodes	 have	 been	 developed	 at	 Oak	 Ridge	
National	Laboratory	that	are	made	from	lignin,	a	low-cost,	renewable	resource	that	is	obtained	from	an	






















































































































































































































































































between	 cost	 and	 effectiveness.	 High-performance	 batteries	 are	 often	 accompanied	 by	 a	 difficult	
manufacturing	process	or	a	steep	financial	penalty	[1].	On	the	other	hand,	batteries	developed	from	low-
cost	 materials	 are	 produced	 at	 a	 charge	 capacity,	 cycling	 capability,	 or	 safety	 penalty	 [1].	 Recently	
however,	materials	derived	 from	abundant,	 low-cost	 lignin	 sources	 show	promise	 in	achieving	a	good	
balance	 in	 both	 financial	 and	 performance	 aspects.	 Novel	 processes	 for	 the	 development	 of	 this	 raw	
material	using	advanced	carbon	fiber	technologies	at	Oak	Ridge	National	Laboratory	(ORNL)	yield	superior	














large	 fraction	of	aromatic	 rings	resulting	 in	a	high	char	yield	 (over	40	wt.	%)	after	pyrolysis	 [4,	5].	The	
difference	between	lignin-based	carbon	fiber	(LCF)	and	the	more	traditional	anode	material	based	off	of	




measurable	 parameters	 (composite	 density,	 crystalline	 volume	 fraction,	 and	 size	 of	 the	 crystalline	
nanoparticles),	 a	 structure-property	 relationship	 can	 be	 developed.	 For	 these	materials,	 one	 of	 these	






Figure	 1.2.	 (a)	Molecular	 structure	 of	 polyacrylonitrile	 (PAN)	 exhibits	 anisotropy	 in	 the	 arrangement	 of	 carbon	











relationships	of	 lignin-derived	 carbon	 composite	 anodes	developed	at	Oak	Ridge	National	 Laboratory.	
With	 a	 sound	 theoretical	 understanding	 of	 these	 relationships,	 the	 ultimate	 goal	 is	 to	 predict	 the	
properties	of	an	ideal	carbon	composite	that	would	lead	to	novel,	high-performing	Li-ion	battery	anodes.	
In	 this	 research,	an	atomistic	model	 is	developed	and	studied	 through	 the	use	of	molecular	dynamics	
(MD).	This	procedure	simulates	the	atomic	interactions	among	the	crystalline	and	amorphous	domains	of	
the	composite	systems	and	reveals	both	nanoscale	and	mesoscale	phenomena.	The	properties	of	interest	
in	 these	carbon	composite	 systems	are	 those	 that	cannot	be	easily	obtained	 through	experiment,	but	
whose	understanding	will	lead	to	the	development	of	better	anode	materials.	These	properties	include	
the	d-spacing	between	 carbon	 layers	 (graphene)	within	 the	nanocrystallites,	 the	nature	of	 how	 these	












performance.	 It	 is	 thus	 shown	 that	 the	 structural	 configuration	 of	 these	 crystallites	 is	 a	 function	 of	
entropy.	 The	 magnitude	 of	 out-of-plane	 ripples,	 binding	 energy	 between	 layers,	 and	 frequency	 of	
























carbon,	and	 ion	 loading	on	the	nature	of	 ion	storage	 in	novel,	 lignin-derived	composite	materials.	The	
effect	that	lithiation	has	upon	the	anode	structure	is	revealed	via	the	pair	distribution	functions	of	both	
the	computational	models	and	the	experimental	materials.	The	effect	of	other	properties	 is	evaluated	
using	 a	 suite	 of	 pair	 distribution	 functions	 corresponding	 to	 lithium-carbon,	 lithium-hydrogen,	 and	
lithium-lithium	atom	pairs.	In	addition	to	the	pair	distribution	functions,	we	use	an	original	technique	to	
extract	archetypal	structures	from	the	computational	models	that	represent	the	local	atomic	environment	








This	 chapter	 is	 a	 slightly	 revised	 version	 of	 a	 paper	 by	 the	 same	 title	 published	 in	 the	 Journal	 of	
Nanoparticle	Research	in	2014	by	Nicholas	McNutt,	Qifei	Wang,	Orlando	Rios,	and	David	Keffer:	
N.	W.	McNutt,	 Q.	Wang,	 O.	 Rios,	 and	 D.	 J.	 Keffer,	 “Entropy-driven	 structure	 and	 dynamics	 in	 carbon	
nanocrystallites”,	J.	Nanopart.	Res.	16,	2365	(2014).	
The	use	 of	 “we”	 in	 this	 part	 refers	 to	 the	 co-authors	 and	 the	 author	 of	 this	 dissertation.	My	primary	
contributions	to	this	paper	include	(1)	development	of	the	problem	into	a	work	relevant	to	the	study	of	










Recent	 experimental	 synthesis	 and	 characterization	 of	 carbon	 composites,	 containing	 carbon	
nanocrystallites	 dispersed	 within	 and	 stabilized	 by	 an	 amorphous	 carbon	 matrix,	 provide	 practical	
motivation	for	the	evaluation	of	carbon	nanocrystallites	[3]	









sizes	dispersed	within	an	amorphous	carbon	matrix	 [14,	15].	The	storage	and	 transport	of	 ions	within	
these	composite	materials	 is	an	area	of	active	 interest.	 It	has	been	shown	that	the	Li-ion	 intercalation	
capacity	and	chemical	activity	is	strongly	correlated	to	particle	size	thus	driving	the	incorporation	of	active	
nanomaterials	 in	 energy	 storage	 [16-18].	 In	particular,	 the	d-spacing	of	 these	 crystallites	 has	 a	 strong	
inverse	relationship	with	the	capacity	for	electric	charge	accumulation,	making	it	a	crucial	factor	in	lithium-










studied	mainly	 because	 of	 the	 finding	 of	 “superlubricity”	 [22,	 31-38].	 Compared	 with	 studies	 on	 the	
thermodynamics,	structure,	and	dynamics	of	graphite	or	graphene,	a	study	on	carbon	nanocrystallites	is	
not	 reported	 in	 the	 literature.	The	study	of	 the	 thermodynamic,	 structural,	and	dynamic	properties	of	
these	 nanocrystallites	 will	 provide	 a	 fundamental	 understanding	 that	 will	 aid	 in	 the	 development	 of	
advanced	 materials	 for	 electrochemical	 systems.	 Particularly,	 it	 will	 help	 the	 understanding	 of	 Li-ion	
insertion	and	the	transport	mechanism	in	the	anodes	which	incorporate	these	nanocrystallites.	
In	 this	work,	we	studied	the	nanoscale	 thermodynamic,	structural,	and	dynamic	properties	of	 isolated	
layered	 carbon	 nanocrystallites	 (nominal	 radii	 of	 5,	 7	 and	 17	 Å)	 through	 MD	 simulation.	 The	
thermodynamic,	structural,	and	dynamic	properties	are	reported	as	a	function	of	nanocrystallite	size	and	









investigated	 herein.	 Carbon	 based	 energy	 storage	 materials	 with	 nanoscale	 microstructures	 were	
synthesized	from	solvent	extracted	hardwood	lignin.	Lignin	is	a	complex	network	of	phenyl	units	bonded	
through	 an	 array	 of	 different	 inter-unit	 bonds	 that	 yields	 40	 to	 60	 wt	 %	 char	 after	 pyrolysis	 [5,	 39].	














interactions	 include	bond	stretching,	angle	bending,	bond	 torsion,	 in-plane	nonbonded	 interaction	 for	
atoms	separated	by	three	bonds	or	more,	and	the	inter-plane	nonbonded	interaction.	The	nonbonded	
interactions	are	characterized	by	the	Lennard-Jones	potential.	The	stretching,	bending,	and	Lennard-Jones	





















The	AIREBO	potential	 allows	 for	 C-C	bond	breaking.	 In	 this	 system,	 there	 is	 no	C-C	bond	breaking,	 as	
evidenced	 through	 the	 AIREBO	 simulations	 we	 performed.	 Moreover,	 the	 structural	 and	 energetic	
information	from	the	OPLS-AA	and	AIREBO	potentials	were	qualitatively	similar.	Therefore,	we	chose	to	
use	 the	 computationally	 less	 expensive	 (but	 still	 accurate)	OPLS-AA	 potential.	 A	 few	 results	 from	 the	
AIREBO	simulations	are	also	presented.	
The	nanocrystallite	is	placed	in	a	cubic	simulation	box	in	a	microcanonical	(NVE)	ensemble.	We	chose	not	
to	 simulate	 in	 the	 canonical	 (NVT)	 ensemble	 to	 eliminate	 the	 possibility	 that	 the	 thermostat	 would	







In	 this	 section,	 important	 findings	 on	 the	 thermodynamics,	 structure,	 and	 dynamics	 of	 three	
nanocrystallites	 (radius,	 r	 =	 5,	 7	 and	 17	 Å)	 are	 reported	 and	 compared	with	 the	 available	 literature-
reported	 data	 and	 theory.	 First,	 the	 thermodynamic	 properties	 are	 reported	 as	 a	 function	 of	
nanocrystallites	 size	 and	 temperature.	 Second,	 the	 structural	 changes	 are	 reported	 as	 a	 function	 of	










on	 the	structure	and	dynamics.	The	 intraplanar	potentials	maintain	 the	planarity	of	a	given	 layer.	The	
interplanar	potentials	bind	the	layers	together.	Therefore,	 it	 is	useful	to	study	the	contributions	to	the	
total	 potential	 individually.	 In	 Figure	 2.2,	 the	 (a)	 stretching,	 (b)	 bending,	 (c)	 torsion,	 (d)	 intraplanar	
nonbonded,	 (e)	 interplanar	 nonbonded,	 and	 (f)	 total	 potential	 energy	 are	 shown	 as	 a	 function	 of	
temperature	for	the	three	nanocrystallites.	These	properties	are	averaged	over	the	production	run.	All	
energies	 are	 reported	 on	 an	 intensive	 (per	 mole)	 basis.	 The	 energy	 associated	 with	 the	 stretching,	
bending,	and	torsion	modes	 increases	with	temperature.	There	is	not	a	 large	difference	in	these	three	
energies	as	a	function	of	crystallite	size.	In	the	inset	of	Figure	2.2(a),	(b),	and	(c),	one	can	observe	that	the	
energies	 are	 slightly	 higher	 for	 the	 larger	 nanocrystallites.	 The	 largest	 noise	 appears	 in	 the	 smallest	
nanocrystallites	because	it	has	the	fewest	number	of	atoms.	In	Figure	2.2(d),	the	intraplanar	nonbonded	
potential	energy	also	increases	with	temperature,	though	the	difference	as	a	function	of	nanocrystallite	
size	 is	now	significantly	 greater,	with	 the	 larger	 crystallite	having	a	 larger	 (less	 favorable)	energy.	 The	
intraplanar	nonbonded	energy	is	positive	because	in	the	OPLS-AA	potential,	the	nonbonded	interactions	
include	 atoms	 separated	 by	 three	 bonds.	 At	 this	 distance	 (2.84	 Å),	 the	 nonbonded	 interaction	 is	
unfavorable.	The	increase	in	these	intraplanar	energies	corresponds	to	greater	fluctuations	from	planarity	
in	the	layer	with	increasing	temperature.	This	indicates	that	the	out-of-plane	fluctuations	(or	ripples	of	
layers)	become	more	significant	at	elevated	 temperatures.	This	observation	 is	 in	 complete	agreement	
with	 the	 fact	 that	 the	 intraplanar	 energetic	 contributions	 in	 Figure	 2.2(a)	 through	 (d)	 increase	 with	
increasing	temperature.	
In	 Figure	 2.2(e),	 the	 interplanar	 nonbonded	 interaction	 energy	 is	 negative	 (favorable)	 and	 increases	





energy	 increases	 (becomes	 less	 favorable)	with	 increasing	 temperature,	 as	was	 the	 case	 for	 the	 four	



























fluctuation	 of	 the	 potential	 energy,	 since	 the	 former	 procedure	 has	 been	 shown	 to	 provide	 more	
statistically	reliable	results	[48].	We	did	not	use	any	noise	reduction	filter	in	the	potential	energy,	so	the	
variations	 that	 appear	 in	 the	 heat	 capacity,	 especially	 in	 the	 smallest	 system,	 are	 simply	 due	 to	 the	




0.0061	 kcal/mol/K	 and	 show	no	 apparent	 temperature	 dependence	 in	 the	 range	 studied.	 There	 is	 no	
available	experimental	heat	capacity	of	these	nanocrystallites	for	comparison.	A	reference	point	 is	the	













In	 Figure	 2.3(b),	 the	 entropy	 change	 as	 a	 function	 of	 temperature	 is	 shown	 for	 each	 of	 the	 three	
nanocrystallites.	The	entropy	change	is	measured	relative	to	the	lowest	simulation	temperature	for	each	





The	 equilibrium	 structures	 are	 specifically	 studied	 for	 the	 three	 nanocrystallites.	 The	 structure	 of	 the	







the	center-of-mass	(COM)	distance,	which	 is	 likely	some	linear	combination	of	the	other	modes	and	 is	





Focusing	on	these	four	modes	of	motion	provides	the	essential	 information	of	 interest	and	 is	pursued	
rather	than	a	full	normal	mode	analysis,	resulting	in	3N	modes.	
In	Figure	2.5,	the	intraplanar	measure	is	presented	first.	The	standard	deviation	of	the	carbon	distance	



















































as	a	function	of	crystallite	size	 is	entropy.	To	demonstrate	that	this	 is	an	entropically	driven	change	 in	
structure,	one	begins	with	the	Helmholtz	free	energy,	A,	
	











A = U   TS
A1 = U1   TS1 = Umin   TS1




















of	 3.51	 Å	 is	 1.74	 kcal/mol.	We	 cannot	 perform	 an	 equilibrium	 simulation	 at	 293	 K	 with	 a	 d-spacing	
corresponding	to	 that	associated	with	 the	minimum	in	 internal	energy.	However	at	0	K,	 the	minimum	
internal	energy	is	0.013	kcal/mol,	corresponding	to	a	d-spacing	of	3.41	Å,	which	results	in	a	positive	U	of	
1.73	kcal/mol).	
From	these	equations,	 two	mathematical	 consequences	emerge.	First,	 the	change	 in	entropy	must	be	
positive,	
	































exp.	OPLS-AA	 AIREBO	 OPLS-AA	 AIREBO	
r	=	5	Å	 3.51	 3.61	 3.89	 3.91	 3.89	
r	=	7	Å	 3.48	 3.60	 3.75	 3.84	 3.67	
































the	top	 layer	moves	to	the	right	and	the	bottom	layer	to	the	 left,	while	the	middle	 layer	 is	stationary.	







































contribute	 to	 the	 COM	 distance	 and	 is	 not	 observed	 in	 the	 COM	 spectrum.	 We	 note	 here	 that	 the	
experimentally	measured	fundamental	frequency	reported	for	the	sliding	motion	of	graphite	is	1.5	THz	




The	 thermodynamic,	 structural,	 and	dynamic	 properties	 of	 carbon	nanocrystallites	 have	been	 studied	
through	molecular	dynamics	simulations.	The	results	show	that	the	d-spacing	increases	with	decreasing	
nanocrystallite	size,	in	agreement	with	experimental	observations	from	composite	materials	containing	
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The	use	 of	 “we”	 in	 this	 part	 refers	 to	 the	 co-authors	 and	 the	 author	 of	 this	 dissertation.	My	primary	
contributions	to	this	paper	include	(1)	development	of	the	problem	into	a	work	relevant	to	the	study	of	
lignin-derived	carbon	composite	Li-ion	battery	anodes,	(2)	experiments	conducted	at	the	NOMAD	beam	







between	 cost	 and	 effectiveness.	 High-performance	 batteries	 are	 often	 accompanied	 by	 a	 difficult	
manufacturing	process	or	a	steep	financial	penalty	[1].	On	the	other	hand,	batteries	developed	from	low-
cost	 materials	 are	 produced	 at	 a	 charge	 capacity,	 cycling	 capability,	 or	 safety	 penalty	 [1].	 Recently	
however,	materials	derived	 from	abundant,	 low-cost	 lignin	 sources	 show	promise	 in	achieving	a	good	
balance	 in	 both	 financial	 and	 performance	 aspects.	 Novel	 processes	 for	 the	 development	 of	 this	 raw	
material	using	advanced	carbon	fiber	technologies	at	Oak	Ridge	National	Laboratory	(ORNL)	yield	superior	









of	 the	 specific	 pyrolysis	 temperature	 and	 thermal	 history.	 However,	 as	 each	 pyrolysis	 temperature	
corresponds	 to	 a	 unique	 set	 of	 experimentally	measurable	 parameters	 (composite	 density,	 crystalline	
volume	 fraction,	 and	 size	 of	 the	 crystalline	 nanoparticles),	 a	 structure-property	 relationship	 can	 be	
developed.	For	these	materials,	these	properties	include	intracrystallite	d-spacing.	As	used	in	this	paper,	
“d-spacing”	 refers	 to	 the	 distance	 between	 two	 parallel,	 or	 almost	 parallel,	 layers	 of	 graphene.	 The	
motivation	 for	 understanding	 d-spacing	 is	 due	 to	 the	 fact	 that	 this	 distance	 has	 a	 direct	 inverse	







































after	 pyrolysis	 [4,	 5].	 Conversion	 of	 lignin	 into	 nanoscale	 graphitic	 material	 consists	 of	 oxidative	












mg	each)	were	measured	 in	 3	mm	quartz	 capillaries	 at	 room	 temperature	 for	 a	 total	 of	 2	 hours.	 The	
measurements	were	performed	 in	an	argon	atmosphere	to	reduce	scattering	 from	the	air.	 In	order	to	
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overlap	 with	 other	 crystallites.	 This	 procedure	 was	 repeated	 until	 the	 desired	 volume	 fraction	 of	







within	 the	 simulation	volume	 in	a	 fashion	 such	 that	 there	were	no	overlapping	 carbon	atoms.	Where	
overlap	existed	between	a	placed	sheet	and	crystallites	and/or	other	sheets,	atoms	were	removed	from	
the	newly	placed	sheet	until	there	was	no	atomic	overlap.	This	procedure	provides	an	initial	composite	
structure	with	 uniform	 crystallites	 oriented	 randomly	 and	 arranged	without	 long-range	 order,	 and	 an	
amorphous	phase	oriented	 randomly	and	composed	of	 irregularly	 shaped	graphene	planes	 filling	 to	a	






shape	 with	 sides	 ranging	 from	 100	 to	 200	 Å.	 These	 generated	 systems	 were	 then	 minimized	 and	
equilibrated	using	the	molecular	dynamics	software	LAMMPS	[42].	The	OPLS-AA	potential	was	used	[43].	
The	 total	 interactions	 included	 bond	 stretching,	 angle	 bending,	 bond	 torsion,	 and	 non-bonded	









The	 pair	 distribution	 functions	 for	 the	 equilibrated	 structures	 were	 obtained	 by	 time-averaging	 the	




In	 order	 to	 develop	 a	 relationship	 between	 the	 experimentally	 measurable	 properties	 and	 the	 pair	
distribution	functions,	a	set	of	composite	systems	was	generated	that	varied	each	of	three	properties—
nanocrystallite	 radius,	 crystalline	 volume	 fraction,	 and	 composite	 density—independently.	
Experimentally,	these	three	properties	are	correlated	and	cannot	be	independently	manipulated.	Three	
of	the	fifteen	simulated	models	are	intended	to	correspond	to	experimentally	synthesized	materials.	The	




































was	 directly	 calculated	 for	 the	 crystallites	 within	 the	 equilibrated	 composite	 systems	 using	 the	 same	
procedure	 as	 McNutt,	 Wang	 [58].	 Only	 crystallites	 that	 remained	 intact	 through	 the	 process	 of	
equilibration	were	considered	 for	 this	measurement.	 In	our	 simulations,	50%	to	95%	of	 the	crystallite	
layers	 remained	 localized,	 as	 can	 be	 confirmed	 in	 Figure	 3.1,	 where	 similarities	 in	 the	 initial	 and	
equilibrated	structures	can	be	visually	observed,	indicating	little	relaxation.	The	determination	of	a	given	









minimum	length	 is	defined	as	 the	breathing	distance.	 It	 is	noted	that	 the	COM	distance	 includes	both	





sections,	exploring	 the	 impact	of	crystallite	 radius,	 composite	density,	and	crystalline	volume	 fraction.	
Here	we	point	out	the	changes	in	d-spacing	from	direct	(geometrical)	measurement.	First,	when	crystallite	
size	and	composite	density	are	held	constant,	an	increase	in	crystalline	volume	fraction	corresponds	to	a	
































r	=	1.38,	Fc	=	0.5	 7	®17	 3.40	®	3.39	 4.12	®	4.03	
r	=	1.94,	Fc	=	0.1	 5	®	7	 2.90	®	2.97	 3.77	®	3.70	
r	=	1.94,	Fc	=	0.5	 5	®	7	 2.89	®	2.94	 3.61	®	3.55	











r	=	7,	ρ	=	1.38	 0.1	®	0.5	®	0.7	 3.41	®	3.40	®	3.45	 5.09	®	4.12	®	3.90	
r	=	7,	ρ	=	1.51	 0.1	®	0.5	®	0.75	 3.34	®	3.31	®	3.36	 5.03	®	4.20	®	4.08	
r	=	7,	ρ	=	1.94	 0.1	®	0.5	®	0.9	 2.97	®	2.94	®	2.94	 3.70	®	3.55	®	3.63	














is	 apparent	 that	 the	effect	of	 crystallite	 radius	on	 the	change	 in	d-spacing	 is	more	complicated	 in	 the	






volume	 fraction	 (Fc	=	 0.9),	 when	 the	 crystallite	 size	 increases,	 both	 the	 breathing	 and	 COM	distance	
increase	(representing	more	compaction	and	less	sliding	in	the	smaller	crystallites).	This	last	observation	
alone	is	most	likely	an	artifact	of	the	necessary	addition	of	“truncated”	crystallites	to	the	systems	with	
high	 crystalline	 volume	 fractions	 (see	 the	 “methods”	 section).	 As	 these	 high	 density	 systems	 exhibit	
































PDFs	 for	 these	systems	can	be	decomposed	 into	component	 functions	that	sum	to	the	total	PDF.	This	
permits	a	deeper	understanding	of	the	origin	of	specific	traits	of	the	PDFs.	These	component	functions	
are	described	in	Table	3.3.	
The	 attributes	 of	 the	 PDFs	 that	 are	 of	 particular	 interest	 for	 the	 composite	 systems	 include:	 1)	 the	
magnitude	of	intraplanar	peaks,	2)	the	distance	to	which	these	intraplanar	peaks	extend,	3)	the	behavior	






Å)	 are	most	 clearly	 visible.	 Several	 observations	 are	 immediately	 apparent	 from	Figure	 3.2.	 From	 the	
decomposition,	 it	 is	clear	that	the	sharp	peaks	that	appear	in	the	PDF	arise	from	two	contributions:	(i)	









































capture	d-spacing.	At	 low	temperature	 in	a	well-ordered	crystallite	(such	as	was	captured	in	our	 initial	
configurations	in	Figure	3.1(a),	(b)	and	(c)),	these	peaks	are	well-defined.	The	peaks	at	3.40	Å	and	3.68	Å	
in	Figure	3.3(a)	correspond	to	C	atoms	 in	adjacent	 layers	 in	nanocrystallites	at	0	K.	 In	the	equilibrated	
structure	at	 room	temperature,	as	 shown	 in	Figure	3.3(b),	 the	 interplanar	peaks	have	broadened	and	
appear	in	the	total	PDF	as	a	contribution	to	the	baseline.	(In	the	materials	with	a	crystallite	radius	of	7	Å	
as	shown	in	Figure	3.2,	there	are	only	three	layers	and	thus	only	two	broad	intracrystallite,	interplanar	
peaks,	 with	 the	 second	 one	 barely	 visible	 to	 the	 eye	 in	 Figure	 3.2(b)	 at	 7.0	 Å.)	 	 The	 analysis	 of	 the	
equilibrated	structure	at	room	temperature	rather	than	at	lower	temperatures	is	performed	because	the	
batteries	(nominally)	operate	at	room	temperature,	and	thus	the	development	of	the	structure/property	
relationship	 between	 d-spacing	 width	 and	 lithium	 ion	 intercalation	 should	 be	 understood	 at	 these	
temperatures.	





















































change	 in	 all	 three	 parameters	 –	 crystallite	 size,	 composite	 density	 and	 crystalline	 volume	 fraction.	
Additionally,	 we	 have	 already	 noted	 that	 the	 observed	 peaks	 have	 two	 contributions,	 those	 due	 to	




the	 characteristic	 nanoparticle	 domain	 size,	x,	 there	 are	 sharp	peaks	due	 to	 intramolecular	 structure,	
while	beyond	x	there	are	only	broad	intermolecular	features,	or	crystallite-crystallite	correlations	[67].	
In	the	simulations	there	are	no	equipment	effects	or	artifacts,	or	sample	inhomogeneity.	Moreover,	in	the	
simulation,	 the	 PDFs	 are	measured	 directly;	 thus	 there	 are	 no	 artifacts	 due	 to	 any	 numerical	 Fourier	
transform	procedure.	Thus,	every	feature	in	the	PDF,	including	long-range	oscillations,	can	only	arise	due	








































There	 is	 a	 high	 frequency	 (wavelength	 of	 nominally	 3	 Å)	 mode	 and	 a	 low	 frequency	 (wavelength	 of	
nominally	20	Å)	mode	that	emerge.	For	the	systems	studied	herein,	the	high	frequency	mode	is	observed	
in	the	large	crystallite	material	at	intermediate	crystalline	volume	fraction	and	in	both	materials	at	high	





low	 frequency	modes.	 It	 is	 important	 to	note	 that	 these	 long-range	oscillations	 appear	only	 in	model	
systems	containing	both	large	crystalline	domains	and	intermediate	to	high	volume	fractions	of	crystalline	
material.	As	none	of	our	experimental	 systems	possess	 this	 combination	of	parameters,	 these	unique	
features	of	the	simulated	PDFs	are	unavailable	for	experimental	comparison.	
3.3.2.2 Effect	of	density	on	the	pair	distribution	function	












































In	 this	section,	 the	experimental	and	simulated	PDFs	are	compared.	 In	Figure	3.10(a),	 three	simulated	




spectra	 are	 reproduced	 in	 the	 simulated	 spectra.	 This	 is	 also	 evident	 in	 Table	 3.4.	 Small	 (0.02	 Å)	




The	absolute	magnitudes	of	 the	peaks	are	not	 the	same	 in	 the	simulated	and	experimental	PDFs.	The	
simulation	is	performed	at	the	same	temperature	as	the	experiment	(298	K),	eliminating	temperature	as	
a	source	of	the	discrepancy.	Presumably,	the	interaction	potentials	used	in	the	simulation	are	slightly	too	





































Radius	 1st	peak	 2nd	peak	 3rd	peak	 4th	peak	 5th	peak	
r	=	5	Å	
Exp.	 1.41	Å	 2.45	Å	 2.84	Å	 3.75	Å	 4.25	Å	
Sim.	 1.41	Å	 2.44	Å	 2.82	Å	 3.72	Å	 4.23	Å	
r	=	7	Å	
Exp.	 1.41	Å	 2.45	Å	 2.84	Å	 3.75	Å	 4.25	Å	
Sim.	 1.43	Å	 2.47	Å	 2.85	Å	 3.77	Å	 4.28	Å	
r	=	17	Å	
Exp.	 1.41	Å	 2.45	Å	 2.84	Å	 3.75	Å	 4.24	Å	















must	either	be	due	to	contamination	ripples	 from	Fourier	 transform	of	 the	experimental	data	 (as	also	
evident	in	the	region	1.42	Å	–	2.45	Å)	or	minor	contamination	within	the	experimental	samples.	









focus	 on	 the	 d-spacing	 region.	 The	 crystalline	 volume	 fractions	 used	 in	 our	 simulated	 models	 were	
obtained	 as	 visual	 approximations	 of	 volume	 fraction	 from	 electron	 microscopy.	 Much	 as	 with	 the	
experimental	d-spacing	measurements,	the	goal	here	is	not	to	reproduce	the	exact	experimental	values	
via	 simulation,	 but	 to	 understand	 the	 PDF	 trends	 as	 the	 volume	 fraction	 changes.	 Thus	 the	 three	
percentages	chosen	for	our	models	represent	three	distinct	systems	for	which	changes	in	this	property	
can	 be	 clearly	 understood.	 From	 Table	 3.2,	 the	 volume	 fraction	 of	 crystalline	 material	 within	 the	
composite	 systems	has	 little	effect	on	 crystallite	breathing	distance	but	an	 inverse	 relation	with	COM	
distance.	This	implies	that	having	more	crystallites	within	a	system	restricts	the	sliding	modes	of	the	planes	




















































materials.	 These	 anodes	 consist	 of	 carbon	 composites	 with	 nanoscale	 structure	 in	 the	 form	 of	
nanocrystalline	domains	dispersed	throughout	an	amorphous	carbon	matrix.	The	neutron	spectra	of	these	
materials	have	been	obtained,	 and	 the	understanding	of	 these	 spectra	has	been	 realized	 through	 the	




to	 structural	 properties	 of	 the	 system.	 In	 particular,	 a	 correspondence	 between	 a	 region	 of	 the	
experimental	pair	distribution	functions	and	the	d-spacing	within	crystalline	domains	has	been	identified,	









































































Therefore,	 it	 is	 important	 to	develop	 computational	 tools	 for	 analysis,	 potentially	without	 reliance	on	
computationally-intensive	 molecular	 dynamics	 simulations,	 that	 allow	 for	 an	 estimation	 of	 the	
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The	use	 of	 “we”	 in	 this	 part	 refers	 to	 the	 co-authors	 and	 the	 author	 of	 this	 dissertation.	My	primary	
contributions	to	this	paper	include	(1)	development	of	the	problem	into	a	work	relevant	to	the	study	of	
Li-ion	localization	in	uncharged	and	charged	lignin-derived	carbon	composites,	(2)	experiments	conducted	







between	 cost	 and	 effectiveness.	 High-performance	 batteries	 are	 often	 accompanied	 by	 a	 difficult	
manufacturing	process	or	a	steep	financial	penalty	[1].	On	the	other	hand,	batteries	developed	from	low-
cost	 materials	 are	 produced	 at	 a	 charge	 capacity,	 cycling	 capability,	 or	 safety	 penalty	 [1].	 Recently	
however,	materials	derived	 from	abundant,	 low-cost	 lignin	 sources	 show	promise	 in	achieving	a	good	
balance	 in	 both	 financial	 and	 performance	 aspects.	 Novel	 processes	 for	 the	 development	 of	 this	 raw	
material	using	advanced	carbon	fiber	technologies	at	Oak	Ridge	National	Laboratory	(ORNL)	yield	superior	













mid-1990s	 in	 order	 to	 elucidate	 the	mechanism	of	 Li-ion	 storage.	Dahn	 et	 al.	 proposed	 three	distinct	





[73]	 find	 a	 “striking	 correlation”	 between	 the	 H/C	 ratio	 and	 Li-ion	 capacity	 and	 conjecture	 that	 the	
phenomenon	is	due	to	binding	of	Li	 in	the	vicinity	of	hydrogen	atoms.	They	note	that	this	high	charge	
capacity	comes	with	a	penalty,	as	the	anode	voltage	profiles	exhibit	a	large	hysteresis.	In	a	subsequent	
















equilibrated	model	 closely	matched	 the	 features	 revealed	 experimentally	 via	 neutron	 scattering,	 thus	
validating	our	model	and	choice	of	potential	[76].	





lithium,	 carbon,	 and	 hydrogen	 [80,	 81].	 This	 potential	 has	 been	 successfully	 used	 to	 understand	 the	
fracture	mechanisms	of	lithiated	graphene	[82].	






hydrogen	 atoms	 that	 run	 along	 the	 edges	 of	 the	 carbon	 sheets	 that	 constitute	 the	 crystalline	 and	
amorphous	domains.	






19.8	mAh	g-1.	The	high	 loading	value	was	selected	as	 the	maximum	charge	capacity	 for	 this	particular	
anode	material	 [3]	 (with	 the	 assumption	 that	 each	 unit	 of	 positive	 electric	 charge	 e+	 corresponds	 to	
exactly	 one	 Li+),	 and	 the	 low	 loading	 value	 was	 selected	 as	 the	 value	 that	 would	 intercalate	 one	 Li+	
between	two	planes	of	a	crystallite,	given	that	all	crystallites	are	occupied.	
Because	 the	 redistribution	 processes	 of	 Li+	 may	 occur	 on	 timescales	 greater	 than	 that	 accessible	 to	
atomistic	 simulation	 (milliseconds	 or	 greater),	 we	 investigated	 two	 initial	 conditions	 for	 each	
	 66	





to	 determine	 the	 extent	 of	 Li-ion	 migration	 out	 of	 the	 carbon	 nanocrystallites,	 a	 smaller	 (yet	
compositionally	 identical)	 system	 containing	 just	 one	 nanocrystallite	 embedded	within	 an	 amorphous	
carbon	matrix	was	created	and	simulated	for	a	duration	of	2	ns.	The	results	from	this	simulation	(shown	
in	 Figure	 4.2)	 highlight	 the	 egress	 of	 Li-ions	 from	 the	 interior	 vacancies	 of	 the	 nanocrystallite	 to	 the	
interfacial	boundary	separating	the	crystalline	and	amorphous	carbon	domains.	





The	 distribution	 of	 Li-ion	 energies	 is	 shown	 in	 Figure	 4.3.	 For	 equivalent	 levels	 of	 ion	 loading,	 the	
distributions	 of	 binding	 energies	 differ	 somewhat	 with	 initial	 condition,	 indicating	 that	 true	 Li-ion	
equilibration	occurs	on	a	much	 longer	 time	scale	 than	MD	simulation	allows.	However,	 the	crystalline	
distribution	tended	toward	the	amorphous	distribution,	while	the	amorphous	distribution	tended	to	stay	
the	 same,	 indicating	 that	 a	 complete	 long-time	 equilibration	 would	 have	 the	 final	 distribution	 lie	 in	

































































the	boundary	of	 the	chemisorption/physisorption	 transition	 (~12	kcal/mol).	This	 suggests	 that	 specific	
















































simulation	 corresponds	 to	 this	 reference.	 On	 the	 contrary,	 manifestations	 in	 the	 simulation	 can	 be	












in	 the	 amorphous	 domain	 is	 compared	 to	 experimental	 neutron	 scattering	 data	 for	 a	 lignin	 carbon	
composite	 [3,	 76]	 in	 both	 the	 uncharged	 and	 lithiated	 states.	 From	 this	 plot,	 it	 is	 evident	 that	 the	
experimental	PDF	for	the	lignin-based	anode	closely	resembles	the	PDF	of	our	computational	model.	The	
change	upon	lithiation	in	the	carbon	composite	material	is	negligible,	an	indication	of	the	lack	of	atomic	



































The	binding	energies	of	 lithium	are	highly	 variable,	 ranging	 from	chemisorption	 to	physisorption.	 This	
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between	 cost	 and	 effectiveness.	 High-performance	 batteries	 are	 often	 accompanied	 by	 a	 difficult	
manufacturing	process	or	a	steep	financial	penalty	[1].	On	the	other	hand,	batteries	developed	from	low-
cost	 materials	 are	 produced	 at	 a	 charge	 capacity,	 cycling	 capability,	 or	 safety	 penalty	 [1].	 Recently	
however,	materials	derived	 from	abundant,	 low-cost	 lignin	 sources	 show	promise	 in	achieving	a	good	
balance	 in	 both	 financial	 and	 performance	 aspects.	 Novel	 processes	 for	 the	 development	 of	 this	 raw	
material	using	advanced	carbon	fiber	technologies	at	Oak	Ridge	National	Laboratory	(ORNL)	yield	superior	




















In	 this	work,	 an	 atomistic,	 computational	model	 is	 developed	 through	 the	use	of	molecular	 dynamics	
(MD).	This	procedure	simulates	the	atomic	interactions	among	the	crystalline	and	amorphous	domains	of	
the	composite	systems	and	reveals	both	nanoscale	and	mesoscale	phenomena.	The	properties	of	interest	
in	 these	carbon	composite	 systems	are	 those	 that	cannot	be	easily	obtained	 through	experiment,	but	
whose	understanding	will	lead	to	the	development	of	better	anode	materials.	These	properties	include	









after	 pyrolysis	 [4,	 5].	 Conversion	 of	 lignin	 into	 nanoscale	 graphitic	 material	 consists	 of	 oxidative	













mg	each)	were	measured	 in	 3	mm	quartz	 capillaries	 at	 room	 temperature	 for	 a	 total	 of	 2	 hours.	 The	
measurements	were	performed	 in	an	argon	atmosphere	to	reduce	scattering	 from	the	air.	 In	order	to	






can	 be	 directly	 controlled	 is	 the	 lignin	 pyrolysis	 temperature;	 however,	 the	 systems	 that	 result	 from	
pyrolysis	have	three	measurable	properties:	crystallite	size,	volume	fraction	of	crystalline	material,	and	
total	composite	density.	Using	the	computational	models,	these	properties	can	be	varied	independently	


























within	 the	 crystalline	 domain	 [87],	 we	 place	 the	 Li-ions	 into	 the	 amorphous	 domain	 using	 a	 random	
placement	strategy	that	avoids	placing	ions	too	close	to	existing	atoms/ions.	
Simulating	one	model	system	for	every	unique	combination	of	experimental	properties	would	result	in	




































































































































different	Li-ion	energy	 levels	and	plotted	 for	each	experimental	pyrolysis	 temperature.	For	a	pyrolysis	
temperature	of		1000	°C,	Figure	5.7	shows	the	localization	of	nearby	lithium	(green)	and	hydrogen	(white)	
for	 strong	 (-20.86	 to	 -14.04	 kcal/mol),	 medium	 (-11.03	 to	 -10.71	 kcal/mol),	 and	 weak	 (-8.20	 to	 3.46	
kcal/mol)	Li-ion	binding	energies.	




For	 a	 pyrolysis	 temperature	 of	 1500	 °C,	 Figure	 5.8	 reveals	 that	 strong	 binding	 energies	 continue	 to	






































































low	 crystallite	 radius	 corresponding	 to	 a	 barely	 perceptible	 first	 peak,	 and	 a	 high	 crystallite	 radius	
corresponding	to	a	well-defined	peak	at	around	3.2	Å.	
The	 local	 atomic	 environments	 shown	 in	 Figure	 5.18	 and	 Figure	 5.19	 show	 strong	 symmetry	 in	 the	
hydrogen	 localization.	As	crystallite	 radius	becomes	 larger,	 it	 is	 clear	 that	 the	nearest	Li-ion	neighbors	
move	closer	to	the	central	ion.	
5.3.1.4 Effect	of	crystalline	volume	fraction	
The	 volume	 fraction	 of	 crystallite	 carbon	 in	 a	 material	 exhibits	 a	 more	 pronounced	 effect	 on	 ion	
localization	than	crystallite	radius.	Figure	5.20(a)	indicates	that	highly	amorphous	carbon	has	more	highly	
















































































as	a	 function	of	distance	 from	the	surrounding	carbon	atoms.	 Interestingly,	 the	Li-H	PDF	exhibits	 little	
change	as	 a	 function	of	 charge	 capacity.	 Previous	 research	 [74]	 suggests	 that	 the	H/C	 ratio	 is	 directly	
correlated	with	ion	storage	capacity;	however,	Rothlisberger	and	Klein	[75]	posit	that	the	environment	




The	 local	 atomic	 environments	 are	 shown	 in	 Figure	 5.24	 and	 Figure	 5.25.	 A	 high	 level	 of	 structural	
symmetry	is	evident	from	these	atomic	density	distributions,	and	it	is	seen	that	a	higher	specific	charge	
capacity	 correlates	with	 a	 closer	 packing	 of	 the	 neighboring	 Li-ions	 to	 the	 central	 Li-ion,	 as	would	 be	
expected.	 The	 hydrogen	 distribution	 is	 symmetric	 and	 very	 similar	 for	 all	 specific	 charge	 capacities;	
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The	 thermodynamic,	 structural,	 and	dynamic	 properties	 of	 carbon	nanocrystallites	 have	been	 studied	
through	molecular	dynamics	simulations.	The	results	show	that	the	d-spacing	increases	with	decreasing	
nanocrystallite	size,	in	agreement	with	experimental	observations	from	composite	materials	containing	

















materials.	 These	 anodes	 consist	 of	 carbon	 composites	 with	 nanoscale	 structure	 in	 the	 form	 of	
nanocrystalline	domains	dispersed	throughout	an	amorphous	carbon	matrix.	The	neutron	spectra	of	these	
materials	have	been	obtained,	 and	 the	understanding	of	 these	 spectra	has	been	 realized	 through	 the	




to	 structural	 properties	 of	 the	 system.	 In	 particular,	 a	 correspondence	 between	 a	 region	 of	 the	
	 111	
experimental	pair	distribution	functions	and	the	d-spacing	within	crystalline	domains	has	been	identified,	
potentially	enabling	 the	prediction	of	microstructural	 features	 in	 composite	 systems.	This	 information	
provides	insight	useful	in	the	design	of	advanced	energy	storage	materials	and	manufacturing	methods.	
Therefore,	 it	 is	 important	 to	develop	 computational	 tools	 for	 analysis,	 potentially	without	 reliance	on	
computationally-intensive	 molecular	 dynamics	 simulations,	 that	 allow	 for	 an	 estimation	 of	 the	













The	binding	energies	of	 lithium	are	highly	 variable,	 ranging	 from	chemisorption	 to	physisorption.	 This	
























By	 understanding	 the	 properties	 that	 correspond	 to	 high	 performing	 anodes,	 this	 work	 guides	 the	
development	of	low-cost	batteries	with	high	storage	capacities.	The	connection	between	anode	interfacial	
surface	area	and	the	temperature	of	lignin	pyrolysis	is	highly	general	in	its	applicability,	and	a	variety	of	
manufacturing	processes	could	be	developed	to	maximize	this	surface	area.	
6.3 FUTURE	WORK	
In	order	to	obtain	accurate	simulation	results,	this	work	required	the	use	of	a	novel	molecular	dynamics	
potential	(ReaxFF)	that	accounts	for	the	chemical	reactivity	between	Li-ions	and	the	surrounding	carbon	
and	hydrogen	atoms.	While	this	potential	delivers	good	accuracy,	it	also	comes	with	a	high	computational	
cost.	This	means	that,	while	the	composite	systems	were	able	to	be	equilibrated,	they	were	unable	to	be	
simulated	for	a	long	enough	time	to	study	the	nature	of	Li-ion	diffusion.	With	recent	developments	aimed	
at	porting	the	ReaxFF	code	to	run	on	GPUs,	it	would	be	particularly	insightful	to	perform	a	microsecond	
simulation	of	these	materials	on	a	high	performance	computing	system	equipped	with	GPUs	in	order	to	
better	understand	the	mechanism	behind	Li-ions	diffusion.	This	process	is	well	understood	for	graphite	
anodes;	however,	the	hierarchical	nature	of	the	lignin-derived	anodes	requires	three	orders	of	magnitude	
more	atoms	in	order	to	study	computational	systems	that	closely	match	their	physical	analogues.	
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